Phase equilibria was investigated in the Ti-Fe-P system at T = 1070 K in the region 0-67 at.% of P, employing X-ray powder diffraction. The two ternary compounds, namely Ti 0.5-0.8 Fe 1.5-1.2 P (Co 2 Si-type; space group Pnma; a = 0.5964 (2) 
Introduction
Ternary systems consisting of transition metals and phosphours (P) attract particular interest, because of phases with physical properties interesting for various fields of science and technology. The majority of Fe-containing systems were studied only to identify isostructural series of compounds in order to investigate their physical properties. Moreover, earlier the investigation of isothermal sections of the phase diagrams has been focused on the region of high Fe content. Thus, no complete phase diagram is available, and the existence of ternary phases has been established mostly for phases with the TiNiSi and the ZrNiAl structure types. Therefore, the investigations of component interaction in the М'-M-P ternary system (М' and M -3d-metal) in the region of higher phosphorus content are the continuation of such research. For example, the investigation of the Mo-Fe-P ternary system in the metal-rich part (<67 at.% P) at 1070 K led to the identification of two new ternary phases: (Mo 1−x Fe x ) 2 P (x = 0.30−0.82; Co 2 Si-type) and (Mo 1−x Fe x ) 3 P (x = 0.10−0.15; Ni 2 P-type) [1] . The ternary phase (Mo 1−x Fe x ) 3 P is unusual because it is distinct from the binary phase Mo 3 P, notwithstanding their similar compositions and structures.
The component interaction in the Ti-Fe-P ternary system has been investigated partly in the Fe-rich region [2] . The existence of TiFeP ternary compound has been found. The solubility of Ti in Fe 3 P and Fe 2 P binary phases has been established. The crystal structure of the TiFeP compound with TiNiSi-type, which has small homogeneity region is reported in [3] . Also, the authors [4] have performed the theoretical thermodynamic analysis of the Fe-Ti-P ternary system and have compared the
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The Ti-Fe-P system: phase equilibria and crystal structure of phases calculated isothermal section of phase diagram with the experimental the Fe-FeP-Ti region which have been investigated by [2] . However, the component interactions in the regions of the Ti-Fe-P ternary system with P and Ti content more than 33 at.% were still not determined. The aim of the present work is the investigation of phase equilibria in the Ti-Fe-P ternary system at T = 1070 K in the region 0-67 at.% of P and determination of composition and crystal structure of the ternary phases.
Experimental procedure
The powders of Ti, Fe, and P, each of purity higher than 99.9%, were used as starting materials for the preparation of the samples. At first, the mixtures were pressed into pellets. The following synthesis procedures depend on the phosphorus content. The samples with P content less than 20 at.% were synthesized in an arc-furnace on a water-cooled Cu-plate under an argon atmosphere. The mixtures with content of P 30−37 at.% were subsequently sealed in evacuated fused-silica tubes. The ampoules were heated from 290 to 1070 K within 2 h, held out at that temperature during 5-7 days, and then cooled slowly to room temperature by shutting off the furnace. Finally, the sintered pellets were ground, pressed again into pellets, and arc-melted. For samples with higher than 35 at.% P, the procedure of the synthesis is similar to described above but with much slower heating rate (from 290 to 1070 K for 8 days) and longer holding time (at 1070 K during 8 days) in order to minimize volatilization of phosphorus. Then, the sintered pellets were ground and pressed again into pellets. In all three cases, the samples were further annealed within evacuated fused-silica tubes at 1070 K for 1 month, and quenched in cold water without breaking the tubes. The weight losses were smaller than 2% in all cases.
The phase analysis was performed using X-ray powder data (diffractometer DRON-3M, CuKα-radiation, 2θ-range 10.000 ≤ 2θ ≤ 100.000° with 2θ step 0.05°; scan time 10-20 s step -1 ). The CSD suite programs [5] were used for the indexing of the obtained diffraction data and calculating the lattice parameters of some phases [6] .
The detailed crystal structure investigations were performed using single crystal and powder X-ray methods. The powder intensity data for structural investigations were collected on automatic diffractometers STOE STADI P with linear PSD detector (transmission mode, 2θ/ω-scan; Cu Kα 1 radiation, curved germanium [1 1 1] monochromator) and Bruker IPDS (Cu Kα 1 radiation, germanium monochromator). The program Fullprof [7] was used for the Rietveld refinement of the crystal structure. Single crystal diffraction data were collected on Bruker APEX-11 equipped with graphite monochromatized MoKα source (λ = 0.71073 Å). The final lattice parameters were calculated from all the observed reflections in the actual data collection. The structure was solved by direct methods, and refined by using the program SHELXL-97 package [8] .
Results and discussion
The binary Ti-Fe, Fe-P and Ti-P systems, which surround the investigated ternary system, have been investigated earlier and their phase diagrams are well known in the literature. The presence of TiFe 2 (MgZn 2 -type), TiFe (CsCl-type) and β-(Ti 0.84-0.94 Fe 0.16-0.06 ) (α-Fe-type) binary compounds in the Ti-Fe system corresponding to the reference data was confirmed [9] [10] [11] . All these phases are characterized by existence of homogeneity region. Also, the limited solubility of α-Ti in α-Fe was observed. The four binary compounds, namely Fe 3 P (Ni 3 P-type), Fe 2 P (own type), FeP (MnP-type), FeP 2 (FeS 2 -type) were observed in Fe-P system [9, 10] . In the Ti-P system we confirmed the existence of Ti 3 P (Ti 3 P-type), Ti 2 P (Ti 2 Ptype), Ti 7 P 4 (Nb 7 P 4 -type), Ti 5 P 3 (β-Yb 5 Sb 3 -type), Ti 5 P 3.16 (Ti 5 Ga 4 -type), Ti 4 P 3 (anti-Th 3 P 4 -type), TiP (TiAs-type) and TiP 2 (PbCl 2 -type) compounds at 1070 K in agreement with [9, 12, 13] . The crystallographic characteristics of all listed binary phases are given in Table 1 .
The majority of binary compounds do not dissolve the third component. The exception is the existence of solid solutions based on Fe 3 P, Fe 2 P, TiP, Ti 5 P 3.16 and Ti 3 P binary compounds. The Ti solubility in the Fe 3 P, Fe 2 P binary compounds and Fe solubility in TiP phase are equal to 5 at.% of the third component. The phase analyses of samples in the region near the Ti 3 P binary compound established the formation of the Fe 3-2.8 Ti 0-0.2 P solid solution formed by substitution of the iron atoms by titanium in Ti 3 P up to 10 at.% Ti.
As it was mentioned above, the solid solution based on Ti 5 P 3.16 binary compound exists in this system along the section 39.0 at.% P. Within homogeneity range of this solid solution, the substitution of the Ti atoms by Fe atoms takes place. The decrease of lattice parameters revealed that homogeneity region extends up to 5.0 at.% In (Fig. 1) . The crystal structure investigation of this solid solution was carried out on the Ti 4.6 Fe 0.4 P 3.16 phase by X-ray powder method. The crystal data and details of the structure refinements are listed in Table 2 . Fig. 2 shows the X-ray diffraction pattern of the respective sample. The substitution of Ti atoms by Fe atoms takes place at the 6g site.
The compound with approximate composition TiFeP was found during phase analysis in the ternary system Ti-Fe-P. At the beginning it was attempted to determine the crystal structure of TiFeP ternary compound from X-ray powder diffraction data. It was supposed that this compound is isostructural to TiNiSi-type structure. But the analysis of the obtained powder X-ray diffraction patterns of Ti 33 Fe 33 P 34 and some other samples revealed that structure of this compound are different and may be related to ZrNiAl-type structure. The further crystal structure investigation was carried out by X-ray single crystal method. The crystal with a prismatic shape, suitable for intensity data collections, was taken from Ti 33 Fe 33 P 34 sample. The structure was solved using direct methods within the space group P-62m. The reasonable values of the residual factors of the structure reliability confirmed that this compound is isotypical to ZrNiAl structure. The crystallographic data and details of the data collection of TiFeP phase are listed in Table 3 . The coordination and thermal parameters of atoms are presented in Table 4 . The projection of this structure on ab plane is shown on Fig. 3 and the interatomic distances are listed in Table 5 . Most of interatomic distances are in good agreement with the atomic sizes. The coordination polyhedra of the titanium atom are pentagonal prism with capped faces (CN = 15). The coordination polyhedron around iron atom is distorted cuboctahedra (CN = 12). The tricapped trigonal prisms (CN = 9) are polyhedra of phosphorus atoms.
The structure of TiFeP compound was additionally investigated by powder method on the polycrystalline sample Ti 40 Fe 28 P 32 . Fig. 4 shows the X-ray diffraction patterns of the listed compound, the crystal data and details of structure refinements are given in Table 6 . It should be noted that the 3f site shows a statistical (Ti/Fe) mixed occupancy. Consequently, the phase with ZrNiAl-type has a limited homogeneity region and the composition of compound can be described as Ti 0.85-1.25 Fe 1.15-0.75 P (Fig. 5) .
Another ternary phase was found also on the cross section 33 at.% P. The analysis of the obtained powder Fig. 6 shows the X-ray diffraction patterns of the Ti 25 Fe 41.7 P 33.3 sample, which contained the both ternary compound. The results of structure refinements are given in Table 7 . Variations of lattice parameters of the listed samples revealed the existence of homogeneity region (Fig. 7) and the composition of compound is described by the formula Ti 0.5-0.8 Fe 1.5-1.2 P. The volume and the lattice parameter increase within the homogeneity range of this compound due to the substitution of the larger Ti (0.145 nm) atoms by the smaller Fe (0.124 nm) atoms [14] .
On the whole, the two ternary phases exist in Ti-Fe-P system at 1070 K. The both phases are characterized by the homogeneity regions across the section 33.3 at.% P. The isothermal section of Ti-Fe-P ternary system at 1070 K is shown on Fig. 8 .
The structure types ZrNiAl (Fe 2 P) and TiNiSi (Co 2 Si) are common among М'-M-P ternary system. All these structures are related to each other. These structures imiting indices -9 ≤ h ≤ 9; -9 ≤ k ≤ 9; -5 ≤ l ≤ 5
Reflections collected / unique 1620 / 187
Data/parameters 187 / 14
Reflections with F 2 > 2σ(F
) 184
Goodness-of-fit on F belong to the large group of two-layers structures. The coordination polyhedra of the P atoms in both structures are trigonal prisms with 3 additional atoms (CN = 9). These structures can be described as a packing of trigonal prism around P atoms. In the case of Co 2 Sitype, one [PTi 4 (Ti/Fe) 2 ] prism is connected with two other prisms via edges and forms the chain along the a direction (Fig. 9) . The two different chains are shifted to each other by 1/2 along the c direction. ] prisms are also shifted to each other by 1/2 along the c direction (Fig. 9) . The character of component interaction in the ternary Ті-Fе-Р system is similar to other related ternary system Ti-M-P (M = 3d-metal). The common feature of all these systems is the existence of ternary compound with composition TiMP, the crystal structure of which is type). The similar situation is observed in the V-Ni-P ternary system: V-Ni-P: Ni 2 P (Fe 2 P-type) -VNiP (TiNiSitype) -V 3 NiP 2 (Fe 2 P-type) -V 2 P (Co 2 Si-type) [19] . On the other hand, the structure type of ternary phases in М'-M-P system are also dependent on the temperature and other conditions of synthesis. For example, the GdPdAl compound [20] has two modifications. The modification with TiNiSi-type is formed when slowly cooling the samples after synthesis, and, the second modification with ZrNiAl-type -during the [22] guessed that the transition from hexagonal structure ZrNiAl to the orthorhombic TiNiSi in ternary phosphides occurs under the condition of strengthening interaction between atoms of metals and is independent on the average number of 3d-electrons, or the value of the atomic radii.
Conclusion
Isothermal section of the Ti-Fe-In system at T = 1070 K has been constructed by means of X-ray powder diffraction. The two ternary compounds Ti 0.5-0.8 Fe 1.5-1.2 P (Co 2 Si-type) and Ti 0.85-1.25 Fe 1.15-0.75 P (ZrNiAltype) exist in this system and their crystal structure and homogeneity regions have been determined. Some binary compounds, namely Ti 5 P 3.16 , Ti 3 P, TiP, Fe 3 P and Fe 2 P reveal homogeneity ranges by Ti/Fe and Fe/Ti substitutions.
